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The origin of magnetism and superconductivity in iron-based superconductors is still unclear.
Here, by investigating the momentum-dependent particle-hole excitations which quantify the ten-
dency of itinerant electrons towards various magnetic states or superconducting phases, we unravel
a novel origin to account for the variety of physical properties of iron-based compounds. We show
that condensation of particle-hole excitations away from the Fermi surface in momentum space is
the underlying mechanism in deciding the magnetic and superconducting properties of iron-based
materials. The applicability of this scenario to the whole family of iron-based superconductors
suggests that inclusion of the orbital degrees of freedom, which may lead to competing tendencies
towards different magnetically ordered states, is more crucial than taking into account the strong
correlations. Our findings further indicate that in order to properly model these materials, the
electronic states away from the Fermi level have to be considered.
PACS numbers: 71.20.-b,74.70.Xa,75.10.Lp,71.10.Fd
I. INTRODUCTION
High temperature superconductivity always attracts
scientists working in different fields of physics and mate-
rial science due to its extensive applications and extraor-
dinary properties. A fundamental question of this topic
is how to understand the origin of high temperature su-
perconductivity [1]? Although preliminary consensus has
been reached with respect to the high-Tc cuprates that
strong correlation is indispensable for high temperature
superconductivity [2], intensive debates persist since the
discovery of high-Tc iron-based superconductors.
In contrast to the strongly-correlated high-Tc cuprates,
magnetism and superconductivity in iron-based super-
conductors was originally proposed to be understand-
able from both the strong-coupling limit, where spin ex-
change effect of localized electrons is emphasized, and
weak-coupling limit, where condensation of particle-hole
excitations among the Fermi surfaces is highlighted [3–
7]. However, while conventional weak-coupling theory
of the Fermi surface nesting [8, 9] is continuously being
challenged as more experiments are performed [10–12],
the density functional theory calculations in combina-
tion with dynamical mean field theory do not support
the existence of localized electrons in Fe 3d orbitals [13].
Recently, a compromised scenario for understanding
the iron-based superconductors was proposed, where lo-
calized and itinerant electrons are assumed to coexist in
Fe 3d orbitals [14–16]. Though, angular resolved pho-
toemission spectroscopic study on AxFe2−ySe2 (A=K,
Rb), corroborated by a slave-spin mean-field calculation,
pointed to a possible observation of such a coexistence
∗ Corresponding author.Email: yzzhang@tongji.edu.cn
at finite temperature [17], it is still under debate exper-
imentally whether the studied sample or which part of
the studied sample is the parent compound of the su-
perconducting state [18]. In other words, the detected
coexistence may not be relevant to superconductivity.
Another origin for magnetism in iron-based supercon-
ductors was proposed based on comparisons of densities
of states between nonmagnetic state and various mag-
netic states in FeTe and BaFe2As2 obtained from den-
sity functional theory calculations. It was concluded that
the magnetic ground state is determined by all occupied
states below the Fermi level, not by fermiology [19]. How-
ever, on one hand, strong downshift in spectral weight
due to spin polarization usually happens in all the mate-
rials with large magnetic moment. On the other hand, as
is well known, the magnetic moments in most iron-based
compounds are overestimated by density functional the-
ory calculations [20, 21]. Therefore, this scenario is also
questionable.
In this paper, by applying density functional theory
calculations to various families of iron-based supercon-
ductors, we proposed that the condensed particle-hole
excitations away from the Fermi level, rather than those
among the Fermi surfaces, are responsible for the dis-
tinct physical properties among different iron-based com-
pounds. We further pointed out that the orbital degrees
of freedom, inter-atomic magnetic interaction, and inter-
layer couplings have to be involved in order to correctly
understand some anomalies in iron-based compounds.
We found that while the strong correlation is not in-
dispensable if one wants to understand magnetism and
superconductivity of iron-based materials at qualitative
level, the electronic states above and below Fermi level
are both important.
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2II. COMPUTATIONAL DETAILS
A. Density Functional Theory Calculations
We use experimentally-determined structures for all
the compounds (see appendix A), i.e. the [1111] fam-
ily LnOFePn with Ln=Sm, Nd, Ce, La and Pn=As, P
through to SrFFeAs, the [111] family containing AFePn
with A=Li, Na, the [11] family FeCh with Ch=Se and Te,
and the [122] family including AeFe2Pn2 with Ae=Ca, Sr,
Ba. We temporarily leave KFe2Se2 to later study because
the parent compound of its superconducting state is still
under debate experimentally and the observed special
magnetic states are always connected to different types
of iron vacancies [18]. Both the paramagnetic and spin-
polarized cases are calculated by the full-potential lin-
earized augmented plane wave method as implemented
in Wien2k [22] with the exchange correlation functional
of Perdew, Burke and Ernzerho (PBE). The results are
consistent with those calculated within the local density
approximation (LDA). We choose RKmax=7 and total
40000 k points in the Brillouin-zone integration. The
open core approximation is employed when the f electrons
are treated in the nonmagnetic states. In the LDA+U
or the spin polarized GGA+U calculations, f electrons
of Ce atoms are arranged ferromagnetically according to
the experiments, and U is chosen to be 6 eV [23]. More-
over, different U leads to qualitatively the same results.
Here the atomic limit double-counting correction is taken
into account since f electrons on Ce atoms are strongly
correlated [22].
B. momentum-dependent particle-hole excitations
within constant matrix elements approximation
The condensation of the momentum-dependent
particle-hole excitations can be quantified by the real
part of the static bare susceptibility. Within constant
matrix elements approximation [7], the static bare
susceptibility reads:
χ0(q) = − 1
N
∑
k,µν
1
Eν(k + q)− Eµ(k) + i0+
×[f(Eν(k + q))− f(Eµ(k))], (1)
where µ, ν are the band indices and q and k are momen-
tum vectors in the Brillouin zone and N is the number
of Fe lattice sites.
It is well-known that prominent condensation of
particle-hole excitations at certain wave vector of q in
a disordered phase is a precursor for an appearance of
corresponding symmetry breaking state as temperature
becomes lower or interaction is switched on. In most of
the iron-based superconductors, a remarkable condensa-
tion present at wave vector of (pi, pi) can account for the
stripe-type antiferromagnetic order or superconductivity.
(Here we refer to a unit cell containing 2 Fe atoms.) More
detailedly, if the condensation at (pi, pi) is strong enough,
i.e., exceeds a threshold, stripe-type antiferromagnetic
states tend to form. Otherwise tendency towards super-
conducting states mediated by short range antiferromag-
netic fluctuations appears as long as the condensation
around (pi, pi) prevails over the others. Without notice-
able condensation, disordered state remains.
C. orbitally resolved momentum-dependent
particle-hole excitations
In order to calculate the orbitally resolved momentum-
dependent particle-hole excitations, an effective tight-
binding model, including all the iron d orbitals and the
anion p orbitals, are derived via construction of Wan-
nier orbitals [24, 25] on a 11×11×11 Monkhorst-Pack
k-point mesh. The disentanglement procedure of wan-
nier90 is employed in order to achieve the perfect match
between the electronic structures of the effective tight-
binding model and those obtained from ab initio calcu-
lations. Here the subspace selection step is done by pro-
jection and symmetry-preserved Wannier functions are
adopted [26].
The condensation of the orbitally resolved momentum-
dependent particle-hole excitations can be quantified by
the real part of the static bare susceptibility of a multi-
orbital system, defined as [27]:
χpr;st0 (q) = −
1
N
∑
k,µν
asµ(k)a
p∗
µ (k)a
r
ν(k + q)a
t∗
ν (k + q)
Eν(k + q)− Eµ(k) + i0+
×[f(Eν(k + q))− f(Eµ(k))] (2)
where matrix elements asµ(k) = 〈s|µk〉 connect the or-
bital and the band spaces and are the components of the
eigenvectors obtained from diagonalization of the effec-
tive tight-binding model. Here f(E) is the Fermi dis-
tribution function, p, r, s, t are the orbital indices, µ, ν
the band indices, q and k the momentum vectors in the
Brillouin zone, and N the number of Fe lattice sites.
III. COMPUTATIONAL RESULTS
In iron-based superconductors, itinerant scenario
states that Fermi surface nesting, i.e., particle-hole ex-
citations among the Fermi surfaces condensed at q =
(pi, pi), determines the magnetism and superconductivity
while localized picture emphasizes that the strong corre-
lations are indispensable. In the following, we will show
that the physical properties of various families of iron-
based superconductors can be qualitatively understood in
the absence of strong correlations, provides particle-hole
excitations away from the Fermi level as well as orbital
degrees of freedom and interatomic, interlayer coupling
are properly taken into account.
3A. Comparison of Particle-hole Excitations close to
and away from the Fermi Level
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FIG. 1. The relative strength of particle-hole excitations cal-
culated within the constant matrix elements approximation
between q = (pi, pi) and (0, 0) as a function of energy window
chosen around the Fermi Level EF for the archetypal com-
pounds FeTe, LiFeAs, and LaOFeAs. Here the energy win-
dow is defined as [EF −∆W,EF +∆W ]. The condensation of
particle-hole excitations is at (0, 0) for small energy window
but is at (pi, pi) when the energy window is large enough, indi-
cating the importance of particle-hole excitations away from
the Fermi level.
Fig. 1 shows the particle-hole excitations calcu-
lated within the constant matrix elements approxima-
tion [7] (see also Eq. (1)) at wave vectors (pi, pi) and
(0, 0) for the representative compounds FeTe, LiFeAs,
and LaOFeAs as a function of the width of energy win-
dow chosen around the Fermi Level, defined as [EF −
∆W,EF + ∆W ] where EF is the Fermi level and 2∆W
is the energy window. Surprisingly, it is found that the
particle-hole excitations are condensed at (0, 0) when the
energy window is small. Only when the energy win-
dow is large enough are the particle-hole excitations con-
densed at (pi, pi). This result suggests a new scenario
that both the stripe-type antiferromagnetic states and
the pairing for superconductivity mediated by spin fluc-
tuations at (pi, pi) are dominated by the electronic states
away from the Fermi level, which is in stark contrast
to the weak-coupling theory of Fermi surface nesting [3–
5, 7–12] where only the particle-hole excitations among
the Fermi surfaces are emphasized. Though our results of
large energy windows are consistent with previous stud-
ies, it is reported for the first time that the particle-hole
excitations close to the Fermi level play an opposite role
in deciding the magnetism and superconductivity.
B. Condensed Particle-hole Excitations away from
the Fermi Level at (pi, pi)
Then, we will show that the new scenario is applicable
to the whole family of iron-based compounds even if the
strong correlation is completely absent. Since the nature
of the condensation will be changed as a function of the
energy window one chooses, throughout this paper we
use a large enough energy window such that all the bands
derived from the d and p orbitals are involved.
Fig. 2 shows the condensed particle-hole excitations at
(pi, pi) for various families of iron-based superconductors.
Remarkably, it is found that the mechanism playing the
dominant role in deciding the physical properties of the
iron-based compounds is the condensed particle-hole ex-
citations in momentum space, i.e., strong condensation of
particle-hole excitations at q = (pi, pi) leads to a stripe-
type antiferromagnetic state while weak condensation re-
sults in a nonmagnetic phase. In the intermediate region,
superconductivity appears.
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FIG. 2. Condensed particle-hole excitations within the con-
stant matrix elements approximation at wave vector (pi, pi)
for various iron-based superconductors with large enough en-
ergy window. NM, SC, and SAF denote the nonmagnetic, su-
perconducting, and stripe-type antiferromagnetic states, re-
spectively. Most of the iron-based superconductors can be
classified into the above three states by the strength of the
condensation of particle-hole excitations at (pi, pi) except for
FeTe, LaOFeP, CeOFeP, and BaFe2P2, which are indicated by
the question marks. The compounds AeFe2As2 with Ae=Ca,
Sr, and Ba are marked by triangles due to the fact that their
magnetic moments are larger than that of LaOFeAs, while
the instabilities are weaker. The vertical dotted lines are a
visual aid.
However, four compounds in Fig. 2 do violate the
overall trend from this scenario and have been labelled
with question marks. Specifically, LaOFeP and CeOFeP
4FIG. 3. Comparison of intra-orbital contributions to the particle-hole excitations among LaOFeAs, LaOFeP, and CeOFeP.
(a), (b), (c) show five intra-orbital contributions along the path in momentum space from Γ(0, 0)-X(pi, 0)-M(pi, pi)-Γ(0, 0) for
LaOFeAs, LaOFeP, and CeOFeP, respectively. The dominating contributions from the dxz orbitals in the qx − qy plane for
LaOFeAs, LaOFeP, CeOFeP are presented in (d), (e), (f), respectively. The dominating contribution in the qx − qy plane from
the dx2−y2 orbital in LaOFeAs and those from the dz2 orbitals in LaOFeP, CeOFeP are exhibited in (g), (h), (i), respectively.
The two-dimensional contour maps are shown at the base of the figures.
are superconducting [28] and heavy fermionic [29] sys-
tems respectively while Fe1+xTe is antiferromagnetically-
ordered with a unique double stripe [10], all of which
are inconsistent with the strong condensation at q =
(pi, pi) in these materials. Moreover, BaFe2P2 is non-
superconducting and nonmagnetic [30, 31], but the con-
densation is slightly stronger than that of the supercon-
ductor LiFeP [32]. Furthermore, there is a quantitative
problem present in Fig. 2 marked by three triangles which
indicate that although the condensations are weaker in
AeFe2As2 with Ae=Ca, Sr, Ba than in LaOFeAs, the
observed magnetic moments are larger in AeFe2As2 [33–
36]. Nevertheless, as we will now show, all of the above
anomalies can be simply explained.
C. Multi-orbital effects
We begin by explaining the qualitative anomalies.
Whilst employing the constant matrix elements approx-
imation does not qualitatively affect the results for the
majority of the iron-based compounds, we find that it
is necessary to drop this approximation and investigate
the intra-orbital contributions to the particle-hole exci-
tations [27] (see also Eq. (2)) in order to explain the
qualitative anomalies. Such intra-orbital contributions to
the particle-hole excitations have previously been found
to play a dominant role in facilitating magnetism and
superconductivity [37–39], compared to the inter-orbital
counterparts.
1. LaOFeP: competitions among different orbitals
First we will explain why strong condensation of
particle-hole excitations at (pi, pi) in superconducting
LaOFeP as shown in Fig. 2 does not result in a stripe-type
antiferromagnetic state. From Fig. 3 (a), (b), it is found
that while the particle-hole excitations in the dxz/yz and
dx2−y2 orbitals are universally condensed around (pi, pi) in
5the archetypal compound LaOFeAs indicating a single in-
stability towards the stripe-type antiferromagnetic state,
they are separately condensed at (pi, pi) in the dxz/yz or-
bitals and at (0, 0) in dz2 orbitals in LaOFeP, suggest-
ing competing tendencies towards either a stripe-type
antiferromagnetic state or other magnetic states with
q = (0, 0) such as Nee´l and ferromagnetically-ordered
states. Here x, y, z are along the a, b, c directions, respec-
tively, of the original unit cell with two iron atoms. Con-
tributions from other orbitals are negligible compared
to the above mentioned orbitals. Fig. 3 (d)-(i) further
demonstrate that the particle-hole excitations are solely
condensed either around (pi, pi) or (0, 0) within the whole
Brillouin zone in the dominating orbitals. It should be
noted that the dominant contribution from the dyz or-
bital within the whole Brillouin zone is not shown since
it can be reproduced by interchanging the qx and qy axes
in Fig. 3 (d)-(f).
In order to reveal the competition between the ten-
dencies towards different magnetically ordered states, we
perform a mean-field calculation based on a multi-orbital
Hubbard model where all the d orbitals from both Fe
atoms in the unit cell are involved (see appendix B).
The tight-binding parameters are obtained through con-
struction of Wannier orbitals as implemented in Wan-
nier90 [24, 25]. A Hund’s rule coupling of J = 0.15U is
used for the calculations according to constrained ran-
dom phase approximation calculations [40].
Fig. 4 presents the evolution of the ground state mag-
netic moments in LaOFeP and LaOFeAs as the intra-
orbital Coulomb repulsion in the dxz/yz and dz2 orbitals
is varied individually. Since two competing condensa-
tions coexist in LaOFeP, it is expected that turning on
the interaction and slightly increasing the intra-orbital
Coulomb repulsion in the dz2 orbital alone will favor fer-
romagnetic or Nee´l ordered states according to the con-
densation at q = (0, 0). On the other hand, it is expected
that the stripe-type antiferromagnetic state will be more
strongly stabilized if the intra-orbital Coulomb repulsion
in the dxz/yz orbitals are independently increased due to
the condensation at q = (pi, pi). This is indeed the case as
shown in Fig. 4 for U = 1.7 eV, indicating that LaOFeP
is located in the proximity to the quantum critical region
where magnetic orders with wave vectors q = (0, 0) and
q = (pi, pi) both vanish due to their mutual competition.
Such competition can be viewed as an effective magnetic
frustration due to itinerant electrons. The competition
between the magnetically-ordered states with q = (0, 0)
and q = (pi, pi) remains if U is changed. However, in the
archetypal compound LaOFeAs, the stripe-type antifer-
romagnetic state always prevails over the other magnetic
states since the dominating intra-orbital particle-hole ex-
citations are all condensed at (pi, pi).
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FIG. 4. Evolution of the ground state magnetic moments in
LaOFeP and LaOFeAs as the intra-orbital Coulomb repulsion
is slightly increased in the dxz/yz or dz2 orbital separately.
Here a ten-orbital Hubbard model is constructed based on
Wannier orbitals and J/U = 0.15 is used according to the
constrained random phase approximation calculations [40].
Since our calculations are based on the mean-field approxi-
mation where quantum fluctuations are completely ignored,
a comparatively smaller value of U = 1.7 eV is used. It is
shown that LaOFeP is located at a critical region as schemat-
ically indicated by a grey dome. The competition between
the magnetically-ordered states with q = (0, 0) and q = (pi, pi)
remains if U is changed.
2. CeOFeP: effect of interatomic coupling
Fig. 3 (b), (c) show that the momentum-dependent
particle-hole excitations in CeOFeP is similar to those
in LaOFeP when f electrons in Ce atoms are treated
as nonmagnetic core electrons, implying that CeOFeP
should also be a superconductor. However, CeOFeP is
a heavy-fermion metal. This is due to the fact that the
f electrons of the Ce atoms are not nonmagnetic core
electrons and are strongly coupled with the d electrons
of the Fe atoms, which suppress the antiferromagnetic
fluctuations and consequently the tendency towards su-
perconductivity. This can be revealed by comparisons of
total energies among different magnetic states based on
DFT calculations with an LDA+U functional applied to
the f electrons of the Ce atoms. It is found that if the
spins of the f electrons are unpolarized, the stripe-type
antiferromagnetic state is the ground state. However, if
the spins of f electrons are arranged ferromagnetically
(as indicated experimentally [29]) in the LDA+U calcu-
lations, the weakly-ferromagnetic solution has the lowest
total energy, indicating that the couplings between f elec-
trons of Ce atoms and d electrons of Fe atoms strongly
affect the nature of the magnetic fluctuations in the Fe
plane and therefore lead to a non-superconducting state.
60.05
0.20
0.35
0.50
(b) LiFeP
X                      M                   
 
 (
q)
 (1
/e
V)
q
0.05
0.20
0.35
0.50 BaFe2P2
X                      M                   
 
 (
q)
 (1
/e
V)
q
 =dxy
   =dxz
   =dyz
   =dx2-y2
   =dz2
(a)
FIG. 5. Intra-orbital contributions to the particle-hole excita-
tions. Five intra-orbital contributions along the path in mo-
mentum space from Γ(0, 0)-X(pi, 0)-M(pi, pi)-Γ(0, 0) are shown
for BaFe2P2 and LiFeP in (a) and (b), respectively.
3. BaFe2P2: suppressed condensations of intra-orbital
particle-hole excitations
Next, we will show that inclusion of orbital degrees of
freedom is enough to explain why BaFe2P2 is not a super-
conductor though the condensation of particle-hole exci-
tations at q = (pi, pi) calculated within the constant ma-
trix elements approximation is stronger than that in the
superconductor LiFeP. Fig. 5 shows the intra-orbital con-
tributions to the particle-hole excitations in BaFe2P2 and
LiFeP. In contrast to LiFeP, it is found that the conden-
sation of particle-hole excitations in the dx2−y2 orbital
at q = (pi, pi) vanishes in BaFe2P2. Only weak condensa-
tion in the dxz/yz orbitals remains at q = (pi, pi), which is
unlikely to be sufficient to support the appearance of ei-
ther superconductivity or magnetism in BaFe2P2. Based
on this scenario, we predict within the rigid-band ap-
proximation that K-doped BaFe2P2 can be a new can-
didate for an iron-based superconductor since the calcu-
lated intra-orbital contribution to the particle-hole ex-
citations from the dx2−y2 orbital at q = (pi, pi) in hole-
doped BaFe2P2 becomes as large as that in LiFeP when
the hole concentration is around 0.25− 0.3 hole/Fe.
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FIG. 6. The relative strength of intra-orbital contributions
to the particle-hole excitations as a function of energy win-
dow chosen around the Fermi Level EF for FeTe, LiFeAs,
and LaOFeAs. The particle-hole excitations become antifer-
romagnetic and the relative strength is saturated only when
the energy window is large enough, ∆W > 200 − 600 meV,
indicating that electronic states away from the Fermi level
play the dominant role in determining physical properties of
iron-based superconductors.
4. Multi-orbital effect on the relative strength of
particle-hole excitations close to and away from the Fermi
Level
Then, it is interesting to investigate the effect of the
multi-orbital physics on the nature of the condensed
particle-hole excitations as a function of the width of the
energy window chosen around the Fermi level. It is shown
in Fig. 6 that in all the compounds we studied, the rel-
ative magnitudes of the condensation become saturated
only when the energy window is large enough, at around
200 − 600 meV. However, in the vicinity of Fermi level,
i.e., with very small energy window or when the energy
window less than 50 meV, the particle-hole excitations
in all cases are condensed at (0, 0) rather than antifer-
romagnetically at (pi, pi) or (pi, 0), which is qualitatively
consistent with the results from the constant matrix ele-
ments approximation as shown in Fig. 1.
5. Fe1+xTe: effect of excess Fe
Moreover, a proposal has already been made to un-
derstand the unique double-stripe antiferromagnetism in
Fe1+xTe based on the scenario of condensed particle-hole
excitations [37]. The role of excess Fe in the interstitial
was emphasized since it contributes not only excess elec-
trons to the in-plane Fe which enhances the tendency to-
wards the double-stripe antiferromagnetic state but also
a magnetic ion strongly coupled with the in-plane Fe [37]
which further suppresses other magnetic instabilities [41].
Please note, this proposal is valid irrespective of the ap-
7TABLE I. Inter-layer exchange couplings of various iron-
based superconductors. Here inter-layer exchange couplings
J = ∆E = ESAF,II − ESAF,I , where (SAF,II) denotes the
intra-layer stripe-type antiferromagnetic state with inter-layer
antiferromagnetic spin arrangement and (SAF,I) refers to
the intra-layer stripe-type antiferromagnetic states with inter-
layer ferromagnetic spin arrangement, are calculated within
both the local density approximation (LDA) and the general-
ized gradient approximation (GGA) with units meV/Fe.
∆ELDA ∆EGGA
CaFe2As2 -25.19 -32.55
SrFe2As2 -10.12 -13.03
BaFe2As2 -2.90 -4.39
NaFeAs -0.72 -0.91
LaOFeAs -0.02 -0.04
proximations one chooses, while other theories strongly
depend on the approximations, i.e., LDA and GGA lead
to contradictory conclusions [37].
D. Importance of interlayer coupling
Finally, we explain the reason behind the quantitative
anomalies illustrated in Fig. 2. We emphasize that it
is the inter-layer couplings ignored in most cases that
are responsible for the quantitative inconsistency be-
tween weaker condensations but larger magnetic mo-
ments in AeFe2As2 with Ae=Ca, Sr, Ba, in compari-
son to LaOFeAs. We point out that although all the
iron-based superconductors are layered materials, the
band structures of AeFe2As2 compounds are more three-
dimensional than that of LaOFeAs. As is well-known, the
higher the dimensionality, the lower the fluctuations sup-
pressing the ordered state. This reasoning can be further
corroborated by investigating the strength of inter-layer
exchange couplings in different families of iron-based su-
perconductors. As shown in Table I, the inter-layer cou-
plings in AeFe2As2 compounds are at least one order
of magnitude larger than the other families such as the
[111] and [1111] compounds. Therefore although the con-
densation is weaker in AeFe2As2 than in LaOFeAs, the
stronger inter-layer couplings can suppress the fluctua-
tions and hence enhance the magnetically-ordered state.
IV. CONCLUSION
The origin of magnetism and superconductivity in all
families of iron-based superconductors, except KFe2Se2
whose parent compound is still under debate, can be
qualitatively understood from the scenario of condensed
particle-hole excitations away but not far from the Fermi
level in the absence of strong correlations, indicating that
the strong correlation may not play a crucial role in deter-
mining the physics of iron-based superconductors, which
is in contrast to the high-Tc cuprates. However, the sce-
nario has no relation with the conventional weak-coupling
theory of Fermi surface nesting. The particle-hole excita-
tions within EF ±200 ∼ 600 meV, rather than the Fermi
surface or the one-particle states below the Fermi level,
determine the physical properties of iron-based supercon-
ductors. The orbital degrees of freedom and interlayer
couplings have to be involved in order to correctly un-
derstand some anomalies in iron-based compounds. The
competing tendencies towards different magnetic states
coexisting in different orbitals are the itinerant analogy
to the magnetic frustration and the proximity to an anti-
ferromagnetic quantum critical point are responsible for
the superconductivity in the iron-based superconductors
with nonmagnetic parent states, such as LaOFeP. Our re-
sults have a broad implication that a new theory, rather
than an extension of conventional single-band theory, is
required if one wants to correctly understand real mate-
rials with multiple active bands crossing the Fermi level.
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Appendix A: Experimental structures for all the
compounds we studied
The experimental structures we used in this study are
shown in Table II.
Appendix B: Multi-orbital Hubbard model
The ten-orbital Hubbard model is defined as:
H = −
∑
ij,γγ′σ
tij,γγ′c
†
iγσcjγ′σ + U
∑
iγ
niγ↑niγ↓
+
(
U ′ − J
2
) ∑
iγ>γ′
niγniγ′ − 2J
∑
iγ>γ′
SziγS
z
iγ′
+
∑
i,γ=dxz,dyz,dz2
∆Uγniγ↑niγ↓, (B1)
where tij,γγ′ are hopping integrals between different sites
i and j with orbital indices γ, γ′ ranging from 1 to 10
which represent the dxy, dxz, dyz, dx2−y2 , dz2 orbitals of
8TABLE II. The lattice constants for all the compounds we
studied.
a(b)(A˚) c(A˚)
SmOFeAs [46] 3.9391 8.4970
NdOFeAs [47] 3.9611 8.5724
CeOFeAs [48] 3.99591 8.6522
LaOFeAs [49] 4.03533 8.74090
SrFFeAs [50] 3.9996 8.9618
LaOFeP [28] 3.96358 8.51222
CeOFeP [29, 51] 3.9195 8.3273
FeTe [52] 3.82134 6.2517
BaFe2As2 [34] 3.95702 12.9685
NaFeAs [53] 3.94481 6.9968
CaFe2As2 [54] 3.8915 11.69
SrFe2As2 [55] 3.39243 12.3644
LiFeAs [56] 3.7914 6.3639
FeSe [57] 3.7727 5.526
LiFeP [32] 3.69239 6.03081
BaFe2P2 [58] 3.840 12.4420
SrFe2P2 [58] 3.8250 11.6120
CaFe2P2 [58] 3.8550 9.9850
both Fe atoms in the unit cell. U , U ′ and J are the intra-
orbital, inter-orbital Coulomb interaction and Hund’s
rule coupling, respectively, which fulfill the rotational
invariance condition U = U ′ + 2J . The pair-hopping
and spin-flip terms are ignored as those do not affect our
mean-field results qualitatively [42–45]. c†iγσ (ciγσ) cre-
ates (annihilates) an electron in orbital γ of site i with
spin σ. niγσ is the occupation operator, niγ = niγ↑+niγ↓,
and Sziγ the spin operator in z axis. The around-mean-
field double counting correction is taken into account.
The last term is used to adjust separately the strength
of the intra-orbital Coulomb repulsions in dxz/yz and dz2
orbitals, which can be applied to manifest the competi-
tion of the tendencies towards different magnetic states
decided by dxz/yz and dz2 orbitals. It is expected that
in LaOFeP, since two competing condensations coexist,
slightly increasing the intra-orbital Coulomb repulsion
(∆Udz2 ) in dz2 orbital alone will favor ferromagnetic
or Nee´l ordered state according to the condensation at
q = (0, 0) while the stripe-type antiferromagnetic state
will be strongly stabilized if the intra-orbital Coulomb re-
pulsions (∆Udxz/yz ) in dxz/yz orbitals become a bit larger
independently, due to the condensation at q = (pi, pi).
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